The identification and characterization of seismogenic structures in southwestern Sicily is an open debate both for the geological-structural complexity of this sector and the scarce seismicity as well.
INTRODUCTION
In southwestern Sicily, only sporadic and low magnitude earthquakes have been usually recorded. A striking exception to this feature is represented by the seismic sequence occurred from January 14 -25, 1968, in Belice Valley area, with eight major events of magnitude between 4.7 and 5.4 [Anderson and Jackson, 1987] , followed by hundreds of aftershocks until the beginning of June [De Panfilis and Marcelli, 1968] . In contrast with such high magnitude earthquakes, the Belice Valley does not display any clear morphological evidence of faults, but it is characterized by smooth reliefs expression of large folds. Even after the 1968 earthquake, no surface ruptures or exposed fault scarps along the epicentral zone were observed [Monaco et al., 1996; Barreca et al., 2014; Di Stefano et al., 2015] . Hence, both the identification of seismogenic structures within the Belice area and more in general, the detection of active deformation evidences in southwestern Sicily, are rather challenging. In this context, the study of the spatial distribution of geochemical anomalies represents a valid additional tool to define and identify active buried structures and areas of active deformation as well. Actually, many studies showed as faults and fractures play a key role in the localization and evolution of geochemical anomalies at the surface [De Gregorio et al., 2002; Finizola et al., 2004; Finizola et al., 2006; Granieri et al., 2006; Werner and Cardellini 2006; Rowland and Simmons, 2012; Brothelande et al., 2014; Cellura et al., 2014; Di Martino et al., 2016; Viveiros et al., 2017] . This is because the migration of fluids through the crust occurs mainly through channels of high permeability generally represented by regional active faults or in sectors under active deformation [Sibson and Rowland, 2003; Fairley and Hinds, 2004; Dogan et al., 2007; Faulkner et al., 2010; Fossen and Rotevatn, 2016] . Thus, the alignment of geochemical anomalies can reveal the presence of preferential ways of rising fluids. In particular soil CO 2 emission has been successfully used to this aim both in volcanic and tectonic settings [De Gregorio et al., 2002; Chiodini et al, 2007; Annunziatellis, 2008; Carapezza et al., 2009; Granieri et al., 2010; Granieri et al., 2014; Carapezza et al., 2019; Tarchini et al., 2018] . Generally, the soil CO 2 emission occurs through relatively restricted regions, named diffuse degassing structures (DDS) [Chiodini et al., 2001; Cardellini et al., 2003] .
The spatial distribution of DDS in the tectonic context is mainly influenced by the permeability patterns which in turn are guided by tectonic lineament arrangement. Basing on this rationale, we decided to apply the study of the soil CO 2 distributions to detect buried faults and active deformation areas in southwestern Sicily. In particular, we conducted several surveys of the soil CO 2 flux in the surroundings of the area hit by the 1968 seismic sequence, focusing on the sectors with evidence of recent deformations and tectonic structures [Barreca et al., 2014] .
Furthermore, the sources of soil CO 2 are investigated through the determination of the isotopic composition of the carbon of soil CO 2 .
GEOLOGICAL FRAMEWORK
Western Sicily is a sector of the Sicilian-Maghrebian orogen and is a segment of the Sicilian foldand-thrust belt (SFTB) ( Figure 1) . The SFTB is a NE-SW oriented contractional belt including imbrications of Meso-Cenozoic carbonate platform and pelagic successions. The structural architecture of the belt was reconstructed by deep seismic explorations [Catalano et al., 2000 a, b; Finetti et al., 2005] . In southwestern Sicily, the frontal thrust faults show flat-ramp geometries and are still seismically active [Monaco et al., 1996; Morelli and Pondrelli, 1998; DISS Working Group, 2010] . The seismotectonic processes accommodate active compression at the front of the SFTB and particularly along deep-seated thrust planes [Lavecchia et al., 2007; Visini et al., 2010; Sgroi et al., 2012] . On a more detailed scale, the structural setting of the studied area 
SOIL CO 2 EMISSIONS AND TECTONICS
Natural soil CO 2 emissions represent a substantial part of the carbon emitted in the atmosphere [e.g. Mörner and Etiope, 2002; Burton et al., 2013; Hutchison et al., 2015] . The CO 2 emitted through the soils is generally produced by plants and roots respiration, by the biogenic degradation of organic compounds and the oxidative decay of organic matters [Raich and Potter, 1995; Rastogi et al., 2002; Oertel et al., 2016] . Moreover, in particular areas of the Earth the soil CO 2 emission derive also by the Earth degassing, which consist in the release of CO 2 stored in the crust and in the mantle [Mörner and Etiope, 2002; Fischer, 2008; Dasgupta and Hirschmann, 2010; Burton et al., 2013; Shinohara, 2013; Lee et al., 2016; Zhang et al., 2016] .
Earth degassing occurs preferentially in volcanic, geothermal and tectonic areas because several factors promote the deep CO 2 release (e. g. magma ascent, active fault systems, increase of crustal permeability). Among these, the active fault systems play a pivotal role because they represent channels of high permeability allowing the migration of deep-seated fluids through the crust, as observed in a variety of settings [Granieri et al., 2006; Savini et al., 2009; Aydin, 2000; Carapezza et al., 2012; Barberi et al., 2013; Foley and Fisher 2017] . Moreover, several papers have demonstrated that the tectonic crustal stress is able to influence fluid circulation [Rowland et al., 2004; Cutillo and Ge, 2006; Wang and Manga, 2010; De Gregorio et al., 2011; Weinlich et al., 2013; Fischer et al., 2014; Padilla et al., 2014; Skelton et al., 2014; Werner et al., 2014; Camarda et al., 2019] .
The fault zones are composed of distinct components: (i) a fault core where most of the displacement is accommodated and (ii) an associated damage zone that is mechanically related to the growth of the fault zone [Sibson, 1977; Chester and Logan, 1986; Davison and Wang, 1988; Forster and Evans, 1991; Byerlee, 1993; Scholz and Anders,1994; Knipe et al. 1998 ]. The characteristics of fault zones are a function of several factors such as the mechanical properties of the rocks, applied shear strain, fluid-rock interactions, and the state of fracturing. As a result, the permeability of these areas is extremely different and can vary on small spatial scales as a function of burial depth, fault throw, and secondary processes Mailloux et al., 1999; Rawling et al., 2001; Saffer, 2015; Yehya et al., 2018] . Furthermore, the ability to convey fluids is a function of the fault activity. Actually, the fault activation generates fracturing and brecciation of the rock, leading to an increase in permeability. On the contrary, during inactivity period, the fault permeability is reduced by self-sealing phenomena due to the precipitation of hydrothermal fluids [Kennedy et al., 1997; Rowland and Sibson, 2004; Dogan et al., 2007; Burnard et al., 2012; Yehya et al., 2018 ] . However, faults effectively disrupting the homogeneity of the crust, can act even as barriers to fluid migration [Bense and Person, 2006; Jung et al., 2014] .
METHODS
The measurements of soil CO 2 flux were performed using the dynamic concentration method Valenza, 1988, Camarda et al., 2006] . This method is based on the measurement of the CO 2 concentration in a mixture of air and soil gas in a specifically designed probe inserted into the soil to a depth of ~50 cm. The gas mixture inside the probe is obtained by producing a very small negative pressure in the probe using a pump at a constant flux of 0.8 L min -1 . The mixture is analyzed using an infrared (IR) spectrophotometer connected directly with the probe.
After a given time of pump activation [generally less than 1 minute], the value of CO 2 concentration inside the probe reaches a steady value, this value, named the dynamic concentration Cd, is proportional to the soil CO 2 flux [Camarda et al., 2006] . The relationship to convert Cd values to CO 2 flux was experimentally deduced by the comparison of Cd measurements with the values of imposed CO 2 flux [Camarda et al., 2006] . Several tests were performed using soils with different values of gas permeability and porosity in order to evaluate the influence of soil permeability on the calculated CO 2 fluxes. These results revealed that the propagated error in the flux calculation is generally less than 5% for soils with gas permeability varying between 0.36 and 123 darcy [Camarda et al. 2006 ]. The average value of gas permeability for the soils of the Belice Valley is of 3 darcy. This value was calculated on the basis of some gas permeability measurements performed in the investigated area with the insitu method described in Camarda et al. [2016] .
For isotopic composition analyses, the soil gases were sampled at a depth of 50 cm through a 5 mm diameter Teflon tube connected to a syringe and then stored in glass flasks equipped with vacuum stopcocks. The isotopic composition of CO 2 carbon was measured using a Finnigan Mat Delta Plus Mass Spectrometer. The isotopic values are expressed as δ 13 C in per mill (‰) versus the Vienna Pee Dee Belemnite (V-PDB) standard, the uncertainty is ± 0.2‰.
RESULTS AND DISCUSSION
Depending on the structural context, we adopted two different investigation strategies. In detail, for the areas where evidences of active deformation and tectonic structures are available, we performed the measurements along some profiles crossing their traces (area A, B, and C in Figure 1 ) hit by 1968 seismic sequences, we made a larger survey carrying out measurements on a mesh of homogeneously distributed points. To investigate the origin of soil CO 2 , in several selected sites we sampled soil gas to analyze the carbon isotopic composition of CO 2 .
ARTIFICIAL BASIN OF THE GARCIA DAM
The first investigated area is placed close to the artificial basin of the Garcia dam, 5 km NE of Belice main shock epicentral area (area A in Figure 1 ), where Barreca et al. [2014] reported evidence of active deformation. Figure 2 . Spatial pattern of the soil CO 2 flux along a profile close to the Garcia dam, where an active deformation area was recognized by Barreca et al. [2014] . The yellow star shows the location of seismic event with M 2.9 occurred one day before flux survey.
In particular, they found along the road skirting the artificial basin, a concrete side-wall displaced by a W-E trending reverse fault. Basing on the geomorphological survey, these authors infer that observed ground deformation is the result of tectonic creep, excluding the origin from surface gravitational processes. In this site, we performed 10 measurements perpendicular to ground deformation trace, distributed over a length of about 1 km (Figure 2) . The measurements were performed on September 4, 2014, one day after the occurrence of a seismic event with M 2.9 about 3 km NE of the investigated area ( Figure 2 ). This concurrence put us in the most favorable conditions to study the relationship between tectonic and soil CO 2 flux. Actually, it was observed that release of soil CO 2 can increase in response to tectonic stress related to the seismic activity [Padilla et al., 2014; Werner et al., 2014; Camarda et al., 2016; Hernández et al., 2017; Camarda et al. 2019 ]. Due to the limited length of the profile, we have been able to carry out the measurements in the same type of soils with homogeneous vegetation. The measured soil CO 2 flux values ranged from 4 to 23 g m -2 d -1 (Table 1) .
Table1. Summary statistics for CO 2 flux data These values fall within the range (0.2 ÷ 21 g m −2 d −1 ) of typical soil CO 2 emissions measured in a variety of ecosystems [Raich and Schlesinger; 1992; Raich and Tufekcioglu, 2000 ]. This feature seems to suggest the absence of any supply of deep CO 2 related to the deformation zone. N evertheless, considering the homogeneity of the vegetation, the range of measured values is quite wide with a coefficient of variation of 0.46 (Table 1) . Furthermore, it is worth noting that the arrangement of values along the profile was not random, but rather showed a decreasing trend progressively moving away from the active deformation area (Figure 2 ).
These last two elements suggest that a preferential release of CO 2 occurred near the ground deformation area.
SANTA NINFA KARST SYSTEM
Santa Ninfa karst system is placed on a wide plateau characterized by the presence of gypsum rocks. It develops along the main fault system of the area (area B in Figure 1 ). The hypogeal system consists of pseudo-orthogonal grids of cavities whose orientations follow the trends of the main tectonic structures. In this area, we performed 12 measurements along a profile about 2 km long. The profile follows the main road passing over the Santa Ninfa karst system ( Figure   3 ). The mean value of soil CO 2 flux is the highest measured among the studied areas (61 g m -2 d -1 , Table 1 ). The lowest values of soil CO 2 flux were recorded in the three points placed just above the karst system, whereas the measured soil CO 2 flux was above the threshold value due to organic production (21 g m -2 d -1 ) in the residual part of the profile. The high values of the soil CO 2 flux found in this area reveal the occurrence of a preferential discharge of deep-seated fluids.
At the same time, the lowest values recorded just above the S. Ninfa karst system, show how the superficial structure acts as a sink for the CO 2 , decreasing the soil CO 2 flux at the surface.
CASTELVETRANO ANCIENT SETTLEMENTS
The third investigated area is placed south of Castelvetrano town (area C in Figure 1 ), in an area of intense active deformation developing along the Campobello di Mazara-Castelvetrano alignment. Interferometric SAR data reveal up to 2 mm/yr differential ground motion [Barreca et al., 2014] along this alignment. We performed soil CO 2 flux measurements near the surface evidence of a reverse SSW-NNE trending fault which cuts an ancient settlement [Barreca et al., 2014] . We made 22 soil CO 2 flux measurements along several transects crossing the ancient settlement ( Figure 4 ). The CO 2 flux values ranged from 6 to 50 g m -2 d -1 . In four points, the soil CO 2 values were above the typical soil CO 2 values due to exclusively organic production (21 g m -2 d -1 ) pointing out the presence of an additional source of CO 2 with respect to the solely biogenic one. Interestingly, the spatial distribution of soil CO 2 flux values ( Figure 4 ) reveals how the highest values were found along the trace of the most evident surface deformation (Figure 4) .
BELICE VALLEY
In the Belice Valley area, we performed 100 measurements following a grid of points evenly distributed, covering a surface of about 20 km 2 . In particular, we focused on an area placed 10 km southeast from the mainshock epicentral area, including the NE portion of Belice
Valley (area D in Figure 1 ). The range of the measured soil CO 2 flux is very wide, ranging from 1 to 430 g m -2 d -1 with a coefficient o f variation of 1.53 (Table 1) . Many measurement sites were characterized by soil CO 2 flux values well above the threshold value for a CO 2 produced by the organic processes. The large variability of soil CO 2 flux and the elevated measured values indicate the presence of several sources of CO 2 . Hence, the Normal Probability Plot (NPP) [Sinclair, 1974; Chiodini et al., 2008] has been used to identify the populations of data ascribable to different origins. This last population represents 37% of all the measurements and it can be considered representative of a deep CO 2 source. To investigate the spatial distribution of soil CO 2 , we processed the data using two different geostatistical methods. Firstly, we applied Kriging interpolation [Swan & Sandilands 1995] to obtain a soil CO 2 flux map showing the spatial distribution and the extent of the areas with anomalous soil CO 2 flux (i.e. flux above the previously identified threshold value of 30 g m -2 d -1 ). The map in Figure 6A , shows as at least one-third of the area displayed values above 30 g m -2 d -1 , and further evidence as the anomalous areas are mainly aligned along with two main perpendicular directions SW-NE and NW-SE.
Furthermore, the anomaly placed in the central part of the investigated area extends along an E-W direction.
Once ascertained the existence of consistent anomalous d egassing areas, we applied the sequential Gaussians simulation (sGs) method to rigorously define the existence of diffusive degassing structures (DDS) and preferential alignments linked to anomalous soil CO 2 emissions.
This method is widely used to study soil diffuse degassing processes in volcanichydrothermal environments [e.g. Lewicki et al., 2003; Chiodini et al., 2004; Frondini et al., 2004; Caliro et al., 2005; Fridrikson et al., 2006; Granieri et al., 2006; Werner and Cardellini, 2006; Chiodini et al., 2007; Padròn et al., 2008; Werner et al., 2008 Viveros et al., 2017 .
The main advantage of this method is that it does not attenuate the extreme values and allows the estimation of the uncertainty [Cardellini et al., 2003] . The sGs method consists in producing numerous simulations of the spatial distribution of the attribute (CO 2 flux, in our case) and is carried out using the algorithm described by Deutsch and Journel [1998] . We performed the sGs by means of the Stanford Geostatistical Modeling Software (SGeMS) , an open-source package developed for solving problems involving spatially related variables. To perform sGs following the methods of Cardellini et al. [2003] we normalized CO 2 flux data and subsequently we examined the spatial variability of the measured soil CO 2 fluxes using the semivariogram of normalized data. For the visualization of the result of the simulation, we elaborate a probability map, in which is displayed the probability that each grid of the sGs exceeds a threshold value of soil CO 2 flux. According to Cardellini et al., [2003] to define the extent of the active DDS we used as threshold value the value splitting the two soil CO 2 population in the NPP [i.e. 30 gm -2 d -1 ]. The probability maps are very similar to that one obtained by Kriging interpolation but better define the presence of four DDS (red areas in Figure 6B ).
The DDSs are preferentially elongated along with two perpendicular directions SW-NE and NW-SE respectively. These directions are in agreement with the orientation of the main tectonic structures (white dotted lines) recognized in the area [Barreca et al., 2014; Di Stefano et al., 2015] . 
ORIGIN OF CO 2
The results of soil CO 2 investigation, in particular the NPP results, point out the presence of at least two different CO 2 sources. To investigate the different CO 2 sources, we sampled the soil gas to determine the carbon isotopic composition of CO 2 in the sites with the highest values of soil CO 2 flux. In particular, three samples were collected in Castelevetrano ancient settlement area, two samples in the S. Ninfa karst system, and 9 samples in the Belice Valley area. The values of 13 C(CO 2 ) ranged between -15‰ and -25‰. To evidence the occurrence of mixing processes between CO 2 of different origins we used the C values vs the CO 2 concentration and the C values vs the soil CO 2 flux plots (Figures 7 A and B) . In Figure 7A we drove: (i) theoretical curves of mixing between air CO 2 and organic production CO 2 and (ii) theoretical curves for mixing between organic production CO 2 and deep origin CO 2 . For the air end-member, we used a C = -8‰ and CO 2 concentration of 440 ppm. For organic end-members, we used two C values of -22‰ and -26‰. The isotopic value of the upper limit for organic endmembers (-22‰) corresponds to the highest value of the typical range for bulk organic carbon of C 3 plants [O 'Leary, 1988] . We excluded the more positive values due to CO 2 derived from C 4 plants because all measurements were performed in sites without this type of vegetation (e.g. maize, sorghum, sugarcane). For deep origin CO 2 we used: [i] the two extreme values for mantellic origin reported in the literature -5‰ and -8‰ respectively [Taylor, 1986] and the value of 0‰ for CO 2 produced by decarbonation process. It is important to point out that despite being in a non-volcanic context we have used however typical mantellic end members because, for the area, Caracausi et al.
[2005] detected high mantle-helium fluxes. The majority of points lie along the last part of mixing lines between air CO 2 and organic origin ones. In particular, the values fall very close to t he organic end-member values revealing a very low contribution of air CO 2 in the soil gas.
likely, lie along the mixing lines between mantellic-organic sources.
Figure 7.
Plot of 13 C(CO 2 ) versus soil CO 2 concentration (plot A) and soil CO 2 flux (plot B) relative to some gas samples collected at Castelvetrano (CV), Santa Ninfa (SN) and Belice Valley (BV); green curve: mixing between a biogenic and a deep CO 2 with 13 C(CO 2 ) = 0 ‰; dashed blue curve: mixing between a biogenic and a deep CO 2 with 13 C(CO 2 ) = -5 ‰; blue curve: mixing between a biogenic and a deep CO 2 with 13 C(CO 2 ) = -10 ‰; dashed red curve: mixing between air and a biogenic CO 2 with 13 C(CO 2 ) = -22 ‰; red curve: mixing between air and a biogenic CO 2 with 13 C(CO 2 ) = -26 ‰. The yellow box in plot B indicates the range of flux and 13 C(CO 2 ) values typical of the shallow biogenic CO 2 .
In Figure 7B we plotted the mixing curves between deep CO 2 and organic production CO 2 with a flux value of 21 g m -2 d -1 . We reported the soil CO 2 flux field due to organic production. The points of Castelvetrano area are again well aligned along the curves of mixing between mantellic and organic CO 2 end-member, confirming a deep CO 2 supply for this area. The remaining points, though with an isotopic marker typical of organic CO 2 production, fall well outside the field of typical soil CO 2 flux of organic shallow production. It is reasonable to suppose for these sites a deep supply of crustal origin because large volumes of carbon dioxide (up to 90%) have been encountered in sedimentary basins from various geological settings [Wycherley et al., 1999] . Indeed, the CO 2 from the crustal origin, besides an origin due to the above mentioned decarbonation reactions, can derive also from: thermogenic breakdown of organic matter in buried sediments, thermal maturation of kerogen, biogenic breakdown of oil and gas [Ni et al., 2014; Dai et al., 2012] . The isotopic composition of these lasts types of crustal CO 2 is rather wide: +10‰ ÷ -30‰ [e.g. Whiticar, 1994; Ni et al., 2014] . The values due to organic production CO 2 in soil layers fall in this wide range. Hence, the isotopic composition of this crustal CO 2 is compatible with the measured values, supporting the hypothesis of a crustal origin for the gases of the Belice Valley area.
CONCLUSIONS
The soil CO 2 flux values measured in a large number of points of the studied area resulted above the typical range of values due to a simple organic CO 2 production revealing a deep supply of CO 2 . The isotopic composition data of carbon of the soil CO 2 are in agreement with this evidence.
However, our data do not univocally distinguish between the mantellic or crustal origin of the supply. Nevertheless, the spatial pattern of soil CO 2 emission resulted strongly influenced by the presence of tectonic structures and active crustal deformations in the area. In detail, in the Belice Valley area, the spatial distribution of the soil CO 2 flux was not random but it revealed the presence of two main DDSs elongated in the SW-NE and NW-SE directions, in agreement with the main tectonic feature of the area, pointing out the presence of active buried structure beneath Belice Valley.
The measurements performed in the areas with evidence of active deformations shown as the CO 2 is preferentially released in correspondence of the morphological evidence of the traces of active deformations.
